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Edited by Miguel De la RosaAbstract Failure to detect the intermediate in spite of its exis-
tence often leads to the conclusion that two-state transition in the
unfolding process of the protein can be justiﬁed. In contrast to
the previous equilibrium unfolding experiment ﬁtted to a
two-state model by circular dichroism and ﬂuorescence spectros-
copies, an equilibrium unfolding intermediate of a dimeric ketos-
teroid isomerase (KSI) could be detected by small angle X-ray
scattering (SAXS) and analytical ultracentrifugation. The sizes
of KSI were determined to be 18.7 A˚ in 0 M urea, 17.3 A˚ in
5.2 M urea, and 25.1 A˚ in 7 M urea by SAXS. The size of
KSI in 5.2 M urea was signiﬁcantly decreased compared with
those in 0 M and 7 M urea, suggesting the existence of a com-
pact intermediate. Sedimentation velocity as obtained by ultra-
centrifugation conﬁrmed that KSI in 5.2 M urea is distinctly
diﬀerent from native and fully-unfolded forms. The sizes mea-
sured by pulse ﬁeld gradient nuclear magnetic resonance
(NMR) spectroscopy were consistent with those obtained by
SAXS. Discrepancy of equilibrium unfolding studies between
size measurement methods and optical spectroscopies might be
due to the failure in detecting the intermediate by optical spectro-
scopic methods. Further characterization of the intermediate
using 1H NMR spectroscopy and Kratky plot supported the exis-
tence of a partially-folded form of KSI which is distinct from
those of native and fully-unfolded KSIs. Taken together, our re-
sults suggest that the formation of a compact intermediate
should precede the association of monomers prior to the dimer-
ization process during the folding of KSI.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In order to understand the folding mechanism properly by
which the polypeptide achieves its speciﬁc three-dimensional
structure, the characterization of protein molecules at all the
existing states including native, fully-unfolded and intermedi-
ate states is a mandatory process. Two-state transitions can
often be ﬁtted apparently by assuming that only native and
fully-unfolded forms can be detected, thereby reﬂecting these
two states in the equation with thermodynamic parameters uti-
lizing a linear extrapolation method for the equilibrium
unfolding curve based on optical spectroscopic methods such
as circular dichroism (CD) and ﬂuorescence spectroscopies
[1,2]. Even if partially-folded intermediates are not easily
detectable, the identiﬁcation and characterization of those
intermediates are the crucial step for the understanding of
equilibrium and kinetic folding mechanism of the protein.
However, a few discrepancies between unfolding transition
curves obtained by optical spectroscopies and other methods
have been reported [3,4]. A disagreement in the values of free
energy measured by optical spectroscopies and hydrogen ex-
change (HX) methods was reported to indicate the existence
of the cryptic intermediate [3]. Moreover, the existence of an
intermediate was revealed by 1H nuclear magnetic resonance
(NMR) study on ferricytochrome c in contrast with the previ-
ous result ﬁtted coincidently to a two-state transition by
equilibrium denaturation curves obtained by both CD and
ﬂuorescence spectroscopies [4]. Two-state or multi-state pro-
tein folding can be a controversial issue due to the cryptic nat-
ure of the intermediate. Failure to detect the intermediate often
leads to the conclusion that two-state unfolding can be justiﬁed
since the classical melting analysis ﬁts well to the standard
melting equation [3].
Ketosteroid isomerase (KSI) is a small dimeric protein with
125 or 131 amino acid residues per monomer (molecular
weight 14 kDa). Homologous enzymes from two diﬀerent bac-
terial sources, Comamonas testosteroni and Pseudomonas put-
ida biotype B, have been studied extensively [5,6]. KSIs
catalyze the allylic isomerization of a variety of 3-oxo-D5-ste-
roids by an intramolecular transfer of a proton from 4b-posi-
tion to 6b-position via an enolate intermediate. The two KSIs
have 34% identity in the amino acid sequences. Crystal struc-
tures of both KSIs as well as the solution structure of theblished by Elsevier B.V. All rights reserved.
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stranded b-sheets and three a-helices in each cone-shaped
monomer [5,6]. Similar protein folds were previously reported
in three proteins, scytalone dehydratase, nuclear transport fac-
tor-2, and naphthalene 1,2-dioxygenase beta subunit, accord-
ing to the structural classiﬁcation of proteins [7].
Interestingly, superposition of the two KSIs with a small
root-mean-square-diﬀerence of 0.667 A˚ indicated that overall
structures of both KSIs were almost identical. The structural
determination of KSIs contributed signiﬁcantly to the elucida-
tion of the catalytic mechanism [5,6]. Recent equilibrium
unfolding studies of both KSIs by CD and ﬂuorescence spec-
troscopies revealed consistently that two KSIs followed a sim-
ple two-state mechanism and there was no glimpse of any
intermediate [8–10].
In this study, we carried out equilibrium unfolding studies of
P. putida biotype B KSI by small angle X-ray scattering
(SAXS) and analytical ultracentrifugation to investigate the
existence of an intermediate. The size measured by SAXS
and analytical ultracentrifugation analyses suggested the exis-
tence of a distinct intermediate in 5.2 M urea. The sizes of
KSI were also measured in various urea concentrations by
pulse ﬁeld gradient (PFG) NMR spectroscopy and found to
be consistent with those obtained by SAXS. The consistent
detection of an intermediate during the unfolding of KSI by
those methods did not coincide with the previous results of
CD and ﬂuorescence experiments which can be ﬁtted to a
two-state model without any intermediate. Further character-
ization of the intermediate using Kratky plot and 1H NMR
spectra supported the existence of a partially folded form of
KSI which is clearly distinct from native and fully-unfolded
forms of KSI.2. Materials and methods
2.1. Expression and puriﬁcation of KSI
KSI was overexpressed in Escherichia coli. BL21 (DE3) harboring
the plasmid pKK-KSI, and puriﬁed as previously described [10]. Puri-
ﬁed KSI was dialyzed extensively at 4 C against a buﬀer containing
20 mM potassium phosphate and 1 mM DTT, pH 7, by use of the
Slide A Lyzer (Pierce). All the samples of KSI were conﬁrmed to be
homogeneous as judged by single bands on SDS–PAGE analysis.
2.2. Small angle X-ray scattering
All the data were collected at the solution-scattering station installed
at the 4C1 and 4C2 Beamline at the Pohang Accelerator Laboratory,
Pohang, Korea [11]. The size of the sample cell was 50 ll with 1 mm
pathlength. Measurements were carried out at 25 C. X-ray scattering
intensities in the small angle region were determined according to the
equation reported previously [12]:
IðQÞ ¼ Ið0Þ expðR2gQ2=3Þ ð1Þ
where Q and I(0) are momentum transfer and intensity at 0 scattering
angle, respectively; Q was deﬁned by Q = 4p sinh/k, where 2h and k are
the scattering angle and wavelength of X-ray, respectively. The radius
of gyration (Rg) was obtained from the slope of the Guinier plot of
ln I(Q) versus Q2 as previously described [12].
2.3. Sedimentation velocity
Samples of 20 lM KSI were subjected to sedimentation velocity
analysis using an analytical ultracentrifuge (Beckman, XL-A) equipped
with an An60Ti rotor and photoelectric scanner at 20 C. A double
sector cell with a 12 mm Epon centerpiece and quartz windows was
loaded with 400–420 ll samples using a microsyringe. The rotor speed
was 60000 rpm for all samples. The van Holde and Weischet globalmethod were performed using the Ultrascan II software developed
by Demeller as previously described [13,14]. All the parameters used
in the analytical ultracentrifugation was corrected to the standard con-
ditions of water at 20 C, since Ultrascan II utilize the incorporated
database ﬁxed at 20 C. The contribution of diﬀusion of the boundary
shape was removed in the van Holde and Weischet method by extrap-
olating to inﬁnite time, thus achieving resolution between species of
similar s values. The obtained s values were visualized as an integral
distribution plot exhibiting the distribution of s values along the
boundary known as G(s) plot [13].2.4. Pulse ﬁeld gradient NMR spectroscopy
1 mM KSI lyophilized samples were used for PFG NMR experi-
ment. To obtain diﬀerent urea concentration, we dissolved the protein
in a D2O buﬀer containing 20 mM Tris d-11 and 1 mMDTT at various
urea concentrations. All spectra were obtained by a NMR spectrome-
ter (Bruker, DRX 500) equipped with a triple resonance, PFG probe
with actively shielded Z-axis gradient, and a gradient ampliﬁer unit.
All the NMR experiments were carried out at 25 C. PFG NMR dif-
fusion measurements were performed by stimulated echo with bipolar
gradient pulse and also with water-suppression using WATERGATE
[15–20]. The lengths of all pulses and delays in this sequence were held
constant, and several spectra were obtained with the strength of the
diﬀusion gradient varying between 5% and 70% of its maximum value,
50 G/cm, in 14 steps (5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%,
50%, 55%, 60%, 65%, and 70%). We measured the diﬀusion rate of di-
oxan and protein separately between 5% and 70% of gradient strength
with diﬀerent diﬀusion time scale for dioxan (70–200 ms) and protein
(500–2000 ms), respectively. Each diﬀusion time for protein and dioxan
was determined when the intensity of peak at 70% gradient strength
was less than 1/3 of that at 5% gradient strength. The diﬀusion rate
of KSI was calculated by ﬁtting curves of the intensities of the protein
versus the concentrations of urea. The intensity of the protein was
determined by using the integral value of protein resonances. The inte-
gral value of the protein resonances were obtained from the aliphatic
region (1 to 3 ppm) and the aromatic region (6 to 10 ppm) in KSI
NMR spectra to avoid resonances overlapped with those of water, di-
oxan, and urea. The observed decay rate (d) was determined according
to the equation as described previously [20]
sðgÞ ¼ Aedg2 ð2Þ
where s is the intensity of the signal from the protein or dioxan, g is the
gradient strength. Plots of s(g) for dioxan and the protein were ﬁtted to
Eq. (2) by the nonlinear least-square regression analysis to obtain the
observed decay rate (d), which is proportional to the diﬀusion coeﬃ-
cient (D). The hydrodynamic radius (Rh) values of the protein in var-
ious urea concentrations could be calculated based on those decay
rates of intensities from both KSI and dioxan as described previously
[16,20]
Rproteinh ¼
Ddioxan
Dprotein
Rdioxanh ð3Þ3. Results and discussion
3.1. Detection of folding intermediate
The size of KSI was determined by SAXS to investigate the
existence of the intermediate during the protein folding pro-
cess. Analysis of scattering proﬁles using the Guinier approxi-
mation provided the information about the Rg at each diﬀerent
experimental condition which represents the size and compact-
ness of the polypeptide [12]. Based on the Guinier analysis of
scattering data, the Rg value of KSI was determined to be
18.7 ± 0.2 A˚ for 0 M urea while the Rg value was increased
up to 25.1 ± 0.6 A˚ in 7 M urea (Table 1). Even if previous
CD and ﬂuorescence spectroscopies could not detect any inter-
mediate [10], the Rg value was signiﬁcantly decreased to
17.3 ± 0.1 A˚ in 5.2 M urea which corresponds to the midpoint
of equilibrium transition curve during the unfolding process of
Table 1
Apparent radii of KSI in 0 M, 5.2 M, and 7 M urea
Method (Radius) Radius (A˚)
0 M 5.2 M 7 M
PFG NMR (Rh) 19.6 ± 0.6 17.1 ± 1.0 31.4 ± 2.8
SAXS (Rg) 18.7 ± 0.2 17.3 ± 0.1 25.1 ± 0.6
Rh, hydrodynamic radius; Rg, radius of gyration.
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nier analysis, the fact that the size of KSI in 5.2 M urea was
smaller than either of the unfolded or native state suggested
that a compact intermediate should exist.
In order to conﬁrm the existence of the intermediate in 5.2 M
urea as observed by SAXS, we carried out sedimentation veloc-
ity measurement to investigate whether KSI in 5.2 M urea
could be either the mixture of native and unfolded forms or a
distinct form (Fig. 1). The distribution plot gives the informa-
tion about the homogeneity or heterogeneity of the protein in
the solution. If they have more than two components, the plot
should be a continuous transition of s-values as previously de-
scribed [21,22]. However, if only one component exists, the plot
should be a vertical line with identical s-values [21,22]. Fig. 1
shows the van Holde Weischet distribution plot of KSI in urea
at diﬀerent concentrations. KSI in 0 M urea was homogeneous
as judged by the S20,w value near 2.5 S. In 7 M urea, the S20,w
value was determined to be around 1.12 S, corresponding to
that of the fully-unfolded state. Consistent with SAXS results,
the distribution plot in 5.2 M urea was linear with 1.26 S, sug-
gesting the size compaction observed in 5.2 M urea originated
from a distinct species rather than the mixture of native dimer
and fully unfolded forms.
To further investigate the size compaction in 5.2 M urea as
observed by SAXS, we performed the PFG NMR experiment
to obtain the Rh value utilizing the integral value of the protein
resonances. The Rh value of KSI was determined to beFig. 1. The distribution plot of KSI utilizing the sedimentation
velocity ultracentrifugation under diﬀerent urea concentration. The
urea concentration was 0 M (s), 5.2 M (h), or 7 M (·), respectively.19.6 ± 0.6 A˚, 17.1 ± 1.0 A˚, and 31.4 ± 2.8 A˚ in 0 M, 5.2 M,
and 7 M urea, respectively (Table 1, and Fig. 2). The Rh values
of KSI in 0 M, 5.2 M and 7 M were similar to and comparable
with Rg values obtained by SAXS. The sizes of KSI in native
state and fully unfolded states, respectively, were estimated
to be a little diﬀerent by SAXS and PFG NMR methods. Re-
cent reports about the distribution of the molecular size ob-
tained by SAXS and PFG NMR spectroscopy suggested that
the ratio Rg/Rh should range from 0.74 to 1.42 [23]. Those ra-
tios for KSI in 0 M, 5.2 M and 7 M urea were calculated to be
0.95, 1.01 and 0.80, respectively, and were within the range as
suggested above. Interestingly, the values of the size measured
by both SAXS and PFG NMRmethods were smaller than that
obtained by the empirical equations based on the size measure-
ment for several proteins [20]. The empirical equation may not
be suitable to the size measurement of KSI since the shape of
KSI is not spherical. Our previous X-ray crystallographic data
as well as the solution structure of other investigators revealed
that KSI has a cone–shell structure [5,6]. Moreover, the molec-
ular rotational diﬀusion analysis of KSI revealed that KSI was
highly asymmetric and the ratio (Di/D^) of rotational diﬀusion
coeﬃcient parallel (Di) to rotational diﬀusion coeﬃcient per-
pendicular (D^) was 1.26, indicating that the global shape of
KSI somewhat deviated from spherical structure to which
the empirical equation were well ﬁtted [24]. Therefore, the
assumption of the spherical shape of KSI might be the reason
why the size of KSI measured by SAXS and NMR spectros-
copy was to be smaller than that obtained from the empirical
equation.
The Rg values obtained by SAXS and the Rh values by PFG
NMR spectroscopy consistently exhibited almost the same
molecular size of KSI in 5.2 M urea, conﬁrming the existence
of a stable compact intermediate with a size smaller than either
the native form or the fully-unfolded form. These observations
are in contrast to the previous results of equilibrium unfold-
ing experiments ﬁtted to a two-state model based on CD andFig. 2. The eﬀective Rh of KSI in various urea concentrations. 1 mM
KSI was lyophilized and dissolved in a buﬀer containing 20 mM
potassium phosphate, pH 7, and 1 mM DTT at various urea
concentrations. The mixture was incubated for 48 h prior to the
measurement by PFG NMR spectroscopy.
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tion was observed in the unfolding experiment of other dimeric
protein like triose phosphate isomerase (TIM) from Saccharo-
myces cerevisiae using PFG NMR spectroscopy in which the
Rh of TIM in 1.1 M guanidine hydrochloride was found to
be smaller than that of the native dimeric state with a lack
of dispersed chemical shift, indicating that a compact interme-
diate could exist during the folding process of TIM [25]. In
addition, a study on the denaturation of the dimeric aspartate
aminotransferase (AAT) demonstrated that the unfolding of
AAT occurred via a monomer which was shown to be compact
and to retain partially some of the spectral properties of the
native dimer AAT [26]. The existence of the compact mono-
meric intermediate in this study suggests that the formation
of the compact intermediate should precede the association
of monomers prior to the dimerization process in KSI as
similarly as in TIM and AAT [25,26].
Similar discrepancies between the unfolding transition
experiments performed by optical spectroscopies and other
methods such as HX or 1H NMR was reported recently
[3,4]. Ferricytochrome c was reported to follow the two-state
model based on CD and ﬂuorescence spectroscopic analyses
[27–29]. However, 1H NMR results revealed the existence of
an intermediate during the equilibrium unfolding [4]. More-
over, in oxidized equine cytochrome c, the Gibbs free energy
for stability which was determined by HX diﬀered by 3 kcal/
mol from that by optical spectroscopic methods [3]. Those dis-
crepancies were found to be due to the failure to assume a two-
state transition. The two-state transition can be justiﬁed by the
assumptions that only native and fully-unfolded states exist
and that measured data sometimes ﬁt well to the two-state
transition curve. If the analytical method could not distinguish
the structural characteristics of the intermediate from those of
native and fully-unfolded states, the intermediate could not be
detected along the unfolding transition curve. The CD spectro-
scopic method mostly depends on the spectral change of the
secondary structure in the protein, for instance, a-helical con-
tent. The ﬂuorescence spectroscopic method usually depends
on the spectral change originating form the environmental
change of aromatic residues in the protein. Those spectral
changes as detected by optical spectroscopies sometimes could
not reﬂect the structural characteristics of the intermediate if
structural components or probes in the intermediate are not
diﬀerent enough to be distinguished from either those in the
fully-unfolded form or those in the native form. Otherwise,
the unfolding transition curve may not be sensitive enough
to detect the presence of the intermediate, because the interme-
diate can be detected only when the intermediate is substan-
tially populated in the transition range. Thus, the unfolding
transition curves could often fail to detect cryptic intermedi-
ates [3,30,31]. In contrast with optical spectroscopic methods,
PFG NMR spectroscopy and SAXS provide inherently diﬀer-
ent analytical capability to detect the diﬀusion and scattering
of the protein, respectively, that depend on such physical char-
acteristics as the change of overall size with diﬀerent radii of
the protein at diﬀerent states during the unfolding process of
the protein.Fig. 3. Kratky plots of scattering curves of KSI in 0 M (s), 5.2 M (h),
or 7 M urea (·), respectively. The concentration of KSI was 1 mM and
the buﬀer was 20 mM potassium phosphate, pH 7, 1 mM DTT under
diﬀerent urea concentration. The represented spectra were obtained in
0 M, 5.2 M, or 7 M urea, respectively.3.2. Characterization of a distinct intermediate in KSI
In order to characterize the molecular globularity or ran-
domness of the intermediate, a Kratky plot was obtainedaccording to the equation described previously [12]. The Kra-
tky plot for KSI in 0 M urea exhibited a well-deﬁned peak at
the Q value of 0.08, indicating the pattern of typical compact
core in the globular protein (Fig. 3). The plot for KSI in the
presence of 7 M urea exhibited a typical pattern of a highly-
denatured conformation. However, the structure of KSI in
5.2 M urea was disordered relative to that of the native state
but still possessed a globular component, as represented by a
broad peak with the Q value of 0.09.
To further conﬁrm the existence of globular component ob-
served by the Kratky plot, 1H NMR spectra for KSI in 0 M,
5.2 M and 7 M urea, respectively, were obtained (Fig. 4).
KSI exhibited a characteristic spectrum of the closely-packed
conformation in 0 M urea. Several peaks between 0.7 ppm
and 0.3 ppm could be observed. These resonance signals orig-
inated from protons shifted by the ring current of aromatic res-
idues in the rigid tertiary structure of KSI [32–34]. As shown in
Fig. 4, the 1H NMR spectrum of KSI in 7 M urea was charac-
teristic of a highly denatured protein. The spectrum was poorly
dispersed with some sharp peaks representing highly rapid lo-
cal motion with longer relaxation time. The overall pattern of
the 1H NMR spectrum of KSI in 5.2 M urea was more or less
similar to that in 7 M urea, but several signiﬁcant diﬀerences
were noticeable. These diﬀerences included both changes in
the chemical shifts of some protons and increases in the line
widths of proton resonance peaks from 8.5 to 6.5 ppm, sup-
porting that KSI in 5.2 M urea is not a mixture of native
and fully unfolded forms as similarly shown in the sedimenta-
tion experiment. In addition, proton resonance peaks in the
range of 0.7 to 0.3 ppm were weak but still retained, indicat-
ing the existence of an intermediate state with the ordered
structure to some extent. However, the loss of this dispersion
of proton resonances between 0.7 ppm and 0.3 ppm was
observed in 7 M urea. These NMR results also support the
Fig. 4. 1H NMR spectra of KSI in diﬀerent urea concentrations. 1 mM KSI was incubated in the presence of urea for 48 h. The represented spectra
were obtained in 0 M, 5.2 M, or 7 M urea, respectively.
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structure in 5.2 M urea during the unfolding process of KSI.
The Kratky plot from SAXS analysis and 1H NMR spectra
consistently suggested that the putative intermediate retained
some partial tertiary structure as similarly shown by analyti-
cal ultracentrifugation analysis. Moreover, SAXS and PFG
NMR spectroscopic analyses revealed that KSI in 5.2 M urea
should be compact compared with either native or fully un-
folded forms. Similar characteristic features of the intermedi-
ate were observed in ﬂuorescence energy transfer studies of
cytochrome c as well as small angle neutron scattering studies
of neocarzinostatin [35,36]. In these studies, compact but ex-
tended polypeptide conformations were found to be present
until all molecules reached the native structure. Taken to-
gether, the feature of the putative intermediate of KSI could
be summarized to be compact yet denatured with a partially
folded structure compared with that of the fully denatured
form.
Transient aggregates of unfolded protein could be easily
mistaken for the folding intermediate [37,38]. The 1H NMR
experiment of MalY indicated that upﬁeld chemical shifts
(<0 ppm) were disappeared and the intensity of resonance
was decreased by soluble aggregates [39]. However, in
5.2 M urea, we did not observe the decrease of the resonance
intensity as well as disappearance of upﬁeld chemical shifts in
KSI. Previous size exclusion chromatography also did not
detect any sign of soluble aggregates within the range of tran-
sition but only dimeric native form and monomeric fully-
unfolded form was observed [10]. Those results suggest that
KSI in 5.2 M urea not be a transient aggregate but a putative
intermediate.In conclusion, we identiﬁed and characterized a distinct inter-
mediate during the unfolding process of KSI by SAXS in con-
trast to the previous results by optical spectroscopic methods.
The results from both SAXS and sedimentation velocity ultra-
centrifugation evidenced consistently the existence of an inter-
mediate, a putative compact monomeric form, preceding the
dimerization process of KSI. PFG NMR spectroscopic analy-
ses also support the existence of the intermediate and the 1H
NMR spectrum of KSI in 5.2 M urea exhibit the resonance sig-
nals which are distinct from that of either native or unfolded
KSI. Our present results indicate that the folding pathway
needs to be crosschecked rigorously by diﬀerent methods to elu-
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